PROSTAGLANDINS (PGS)
a diverse family of autacoids generated by cyclooxygenase (COX)-mediated metabolism of arachidonic acid. Four PGs (PGD 2 , PGE 2 , PGF 2␣ , and PGI 2 ) and another COX metabolite, thromboxane A 2 , are the primary bioactive derivatives (4, 20, 29, 36) . These primary bioactive prostanoids exert their divergent effects on target tissues in an autocrine or paracrine manner via their own selective receptors (20) . In the kidney, PGE 2 is a predominant arachidonic acid metabolite and plays an important role in renal functions, including regulation of vascular smooth muscle tonus, glomerular filtration, renin release, and tubular sodium and water transport (5, 8) . In the renal medulla, PGE 2 inhibits Na ϩ reabsorption at the medullary thick ascending limbs of Henle and antagonizes antidiuretic hormone action in collecting ducts (5) .
COXs are the primarily important enzymes for PG synthesis, which convert arachidonic acid to PGG 2 and PGH 2 . There are two isoforms of COXs, a constitutive isoform, COX-1, and an inducible isoform, COX-2 (28, 36) . Although both enzymes are expressed in the kidney, tissue distributions of these isoforms are different (1) . COX-1 is constitutively expressed in medullary collecting ducts and medullary interstitial cells whereas COX-2 is expressed in the macula densa of the juxtaglomerular apparatus and associated cortical thick ascending limb of Henle (cTAL) in the renal cortex and interstitial cells in the renal medulla (7) . The expression of COX-2 is induced by various stimuli, such as low salt intake (40) , loop diuretics (13) , and water deprivation (39) , and PGE 2 synthesized by COX-2 regulates glomerular filtration, renin release in the renal cortex, and tubular absorption of sodium and/or water in the medulla (6) , suggesting that immediate production of PGE 2 by COX-2 might be important for the regulation of those physiological functions. Nephrogenesis in rodents continues after birth. Abundant evidence suggests an essential role of COX-2 in postnatal kidney development (12, 26) . COX-2 null mice developed impairment in maturation of the nephrogenic zone during the postnatal period, leading to chronic renal failure and hypertension (2, 10, 17) . Interestingly, this phenotype depends on genetic background. Pharmacological inhibition of COX-2 in rats results in postnatal kidney developmental abnormalities and chronic renal failure, similar to the phenotype in COX-2 null mice (14, 35) . In support of the role of COX-2 in postnatal kidney development, COX-2 expression in the kidney is subjected to developmental regulation with a peak level in the second postnatal week (43) .
The steady-state kidney levels of active prostaglandins depend on the relative rates of biosynthesis and inactivation. It has been proposed that two major steps are involved in prostaglandin inactivation: uptake from the plasma membrane by prostaglandin transporters and oxidation by NAD ϩ -dependent 15-hydroxyprostaglandin dehydrogenase (15-PGDH) (21, 22, 34) . Pichaud et al. (24) noted that 15-PGDH is the main enzyme of prostaglandin degradation. By catalyzing the conversion of the 15-hydroxyl group of prostaglandins into a keto group, this ubiquitous enzyme strongly reduces the biological activity of these molecules (24) . Previous reports have shown that 15-PGDH was expressed in the proximal tubule, cortical, and outer medullary thick ascending limb, and collecting duct of the kidney but not in the macula densa or papilla (41) . Kidney 15-PGDH activity has been reported to be increased in obstructive kidneys (10) but inhibited by estradiol (5). However, in contrast to the overwhelming information about renal function of COX-2, little is known about 15-PGDH. Therefore, the present study was designed to elucidate temporal, spatial, and cytological aspects of 15-PGDH expression during postnatal kidney development.
MATERIALS AND METHODS
Animals. Sprague-Dawley (SD) rats of different ages were purchased from Harlan (Indianapolis, IN). Wistar-Kyoto (WKY) rats of different ages were purchased from Charles River (Wilmington, MA). Rats were maintained on normal rat chow. Twenty-four-hour urine was collected using metabolic cages. All protocols employing rats were conducted in accordance the principles and guidance of the University of Utah Institutional Animal Care and Committee.
Immunohistochemistry. Under anesthesia, kidneys were removed and fixed with 4% paraformaldehyde. The tissues were subsequently embedded in paraffin, and 3-m sections were cut. Immunohistochemical staining was performed using an EnVision TM FLEX Mini Kit (Dako, Carpinteria, CA) according to the manufacturer's instructions. In brief, after deparaffinization and rehydration through xylene and graded alcohol, the slides were treated with Target Retrieval Solution (50ϫ Tris/EDTA buffer, pH 9) and sequentially incubated with peroxidase-blocking reagent, primary antibody, EnVision/horseradish peroxidase (HRP), and DAB plus chromogen. Then, the slides were counterstained with hematoxylin and visualized under the microscope. Anti-15-PGDH antibody (1:100 dilution) and anti-COX-2 antibody (1:200 dilution) were purchased from Cayman (Ann Arbor, MI); anti-Na/H exchanger 3 (NHE3) antibody (1:200 dilution) was purchased from Millipore (Billerica, MA); and anti-Na-K-2Cl cotransporter (NKCC2) antibody (1: 200 dilution) and anti-aquaporin-2 (AQP2) antibody (1:200 dilution) were purchased from Biosynthesis (Lewisville, TX).
Periodic acid-Schiff staining. Under anesthesia, kidneys are removed and fixed with 4% paraformaldehyde. The tissues were subsequently embedded in paraffin, and 3-m sections were cut. After deparaffinization and rehydration through xylene and graded alcohol, the slides were stained with periodic acid-Schiff (PAS) and counterstained by hematoxylin.
Quantitative RT-PCR. Total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA), and first-strand cDNAs were synthesized from 2 g of total RNAs in a 20-ml reaction using SuperScript (Invitrogen). The first-strand cDNAs served as the template for quantitative PCR (qPCR) performed in the Applied Biosystems 7900 Real Time PCR System using SYBR green PCR reagent (Applied Biosystems, Foster City, CA). The amplification was carried out for 40 cycles with conditions of 15-s denaturation at 95°C and 1-min annealing at 60°C. The sequence of oligonucleotides used for PCR is listed as follows: 15-PGDH sense: 5=-AGGACTCTGCTCAC-GAAGGA-3= and antisense: 5=-TGACATGGATTGGAACAGCA-3=; and GAPDH sense: 5=-GTCTTCACTACCATGGAGAAGG-3= and antisense: 5=-TCATGGATGACCTTGGCCAG-3=.
Immunoblotting. The kidney lysates were stored at Ϫ80°C until assayed. Protein concentrations were determined using Coomassie reagent. An equal amount of the whole tissue protein was denatured at 100°C for 10 min, separated by SDS-PAGE, and transferred onto nitrocellulose membranes. The blots were blocked overnight with 5% nonfat dry milk in Tris-buffered saline (TBS), followed by incubation with primary antibody overnight. The blots were washed with TBS followed by incubation with horseradish peroxidase-conjugated secondary antibody. Immune complexes were detected using ECL methods. The immunoreactive bands were quantified using the Gel and Graph Digitizing System (Silk Scientific, Tustin, CA).
Immunoprecipitation. The urine of rats was stored at Ϫ80°C until assayed. Immunoprecipitation was performed using a Pierce Protein A/G Magnetic IP/Co-IP Kit (Thermo Scientific, Rockford, IL) according to the manufacturer's instructions. Five hundred microliters urine was used for each reaction.
Data analysis. Data are summarized as means Ϯ SE. Statistical analysis was performed using one-way ANOVA with the Bonferroni correction or Student's t-test as appropriate. P Ͻ 0.05 was considered statistically significant.
RESULTS

15-PGDH mRNA and protein expression in developing rat
kidneys. qRT-PCR was used to investigate 15-PGDH mRNA expression in the kidney of SD rats at different ages. As indicated in Fig. 1 , developmental regulation of renal 15-PGDH mRNA expression was apparent in rat pups compared with the constitutive glyceraldehyde-3-phosphate dehydrogenase mRNA. The 15-PGDH signal was detected at low levels in newborns, which gradually increased with age, reaching the peak level at postnatal day 14 (PND14), and decreased thereafter, returning to the baseline level at PND42.
In principle, the protein expression pattern of 15-PGDH as assessed by immunoblot analysis was similar to its mRNA albeit with more robust variations. In contrast to the constant ␤-actin expression, 15-PGDH protein was detected at low levels in the newborns, gradually increasing to the peak level at PND14, and decreasing sharply with age; 15-PGDH protein became nearly undetectable after PND28 (Fig. 2) . Cellular localization of 15-PGDH protein in the developing rat kidney. We performed immunostaining to determine the cellular localization of 15-PGDH in the kidneys of SD and WKY rats at various ages. The results indicated distinct expression patterns during postnatal kidney development. In light of the peak expression of 15-PDGH at PND14, we chose this time point for detailed immunostaining analysis.
As shown in Fig. 3 , at PND14 a 15-PGDH signal was predominantly detected in the deep cortex with a relatively weak signal in the superficial cortex and almost no signal in outer and inner medullas (Fig. 3, A and C) . Rabbit IgG staining was used as a negative control (Fig. 3B) . 15-PGDH blocking peptide was also used to confirm the specificity of the antibody against 15-PGDH (Fig. 3B) . Within the deep cortex at PND14, immunostaining of consecutive sections demonstrated the colocalization of 15-PDGH with NHE3, which is known to be predominantly expressed in the proximal tubule, and to a lesser extent in the thin limb and thick ascending limb of Henle's loop (Fig. 4B) . Brush borders are present in the proximal tubule but not in the thin limb and thick ascending limb of Henle's loop and therefore can be used to discriminate the proximal from the latter two nephron segments. Using PAS staining and immunohistochemistry of 15-PGDH of consecutive sections, we further confirmed that 15-PGDH immunoreactivity was detected in the renal tubules that contained brush borders, confirming the localization in the proximal tubule (Fig. 4A) . Interestingly, at PND28, in contrast to the reduced total renal 15-PGDH protein abundance, immunostaining demonstrated redistribution of 15-PGDH protein to the outer medulla (Fig.  5A) . At this location, the 15-PGDH-positive tubules were stained positive with anti-NKCC2 antibody, confirming the localization in the thick ascending limb (Fig. 5B) . In addition, collecting ducts (AQP2 positive) had very weak 15-PGDH signal (Fig. 5C) , indicating a substantially low 15-PGDH expression in the collecting ducts. Interestingly, in the superficial cortex 15-PGDH was present in granules in many tubular epithelial cells and the lumens at PND42 and PND84 (Fig. 6A) . The granules were detected in some but not all NHE3-positive tubules (Fig. 6B) .
The localization of COX-2 in the kidney was also examined in the present study (Fig. 7) . In the kidney cortex, prostaglandins derived from COX-2 play an important role in regulation of vascular tone, renin biosynthesis, and excretion (11) . In normal adult rat cortex, only isolated macula densa cells are COX-2 positive (12). Using immunochemistry staining, we confirmed previous reports that the COX-2-positive cells were localized to macula densa and adjacent cortical thick ascending limbs (arrows). A 15-PGDH signal was absent in COX-2-positive macula densa and adjacent cortical thick ascending limb at both PND14 and PND28 (Fig. 7. arrows) , again supporting the localization of 15-PGDH in the proximal tubule.
In this study, 4-and 12-wk-old WKY rats were also used to detect the renal localization of 15-PGDH protein. The expression pattern of 15-PGDH in the kidney of WKY rats was the same as that of SD rats during postnatal development (data not shown).
Urinary 15-PGDH protein levels in SD and WKY rats. The granular appearance and also its presence in the lumens suggests a possibility that 15-PGDH might be secreted to the urine. Accordingly, we performed immunoprecipitation to detect the urinary 15-PGDH protein levels of SD and WKY rats. As shown in Fig. 8A , 15-PGDH protein was detectable in the urine of 12-wk-old SD rats after immunoprecipitation using anti-15-PGDH antibody. To test whether this phenomenon was dependent on the rat strain, we performed parallel studies in 4-and 12-wk-old WKY rats. As seen in SD rats, urinary 15-PGDH was detectable in 4-and 12-wk-old WKY rats (Fig. 8B) . These results demonstrated urinary excretion of 15-PGDH protein in different rat strains. We subsequently investigated the relationship between granular appearance and urinary excretion of 15-PGDH.
As shown in Fig. 8C , the granular appearance of 15-PGDH was detected in 12-but not 4-wk-old WKY rats, in contrast to the constant levels of urinary 15-PDGH, suggesting no association between the granular appearance and urinary excretion of 15-PGDH.
DISCUSSION
The present study examined the renal expression and localization of 15-PGDH, a key enzyme in prostaglandin degradation, during postnatal development. In this study, qRT-PCR and immunoblotting consistently demonstrated that 15-PGDH mRNA and protein are low at birth, rise to a peak level in the first 2 postnatal weeks, and gradually decline to very low levels in adulthood. Consistent with our results, Moel et al. (16) examined the renal PGE 2 degradation in rats aged 20 (30.7 g), 31 (101 g), and 120 days (413 g), and their results showed that renal PGE 2 degradation was highest in 20-day-old rats and decreased with age. It is known that the immature kidney is more sensitive to prostaglandins than adult kidneys because of increased affinity for the receptor (15) . In immature kidneys, PGE 2 acts through the EP3 receptor to suppress AVP-stimulated cAMP generation via activation of Gi. Resistance to AVP seems to be one of the major factors limiting urine concentration in immature kidneys. Thus the ability of immature kidneys to concentrate urine is lower than in adult kidneys. Excessive PGE 2 activity may lead to severe water and electrolyte disorders, especially in premature babies. Clinically, infants with hyperprostaglandin E syndrome (HPS) are present with the typical pattern of impaired tubular reabsorption in the thick ascending limb of Henle's loop, including salt wasting, isosthenuric, or hyposthenuric polyuria, and hypercalciuria with subsequent nephrocalcinosis (9, 27, 37) . Therefore, it is important to limit the content of PGE 2 in immature kidneys, which is likely accomplished by the high activity of renal 15-PGDH during the postnatal period.
COX-1 and -2 are thought to be the rate-limiting enzymes for PGE 2 synthesis. Ogawa et al. (23) showed that COX-1 expression was constant in the kidney; COX-1 mRNA expression did not change with age. Lipopolysaccharide treatment did not alter COX-1 mRNA expression in infant or adult rats. In contrast, renal COX-2 in rodents is subjected to postnatal regulation (23, 43) . COX-2 expression was low at birth, increased gradually to reach a peak at PND14, and decreased gradually to very low levels in the adults, a pattern almost analogous to that of 15-PGDH. However, despite the same time frame of the induction of renal COX-2 and 15-PGDH, they have distinct cellular localization. At PND14, the induction of 15-PGDH occurred primarily in the proximal tubule, whereas the induction of COX-2 was mostly restricted to macular densa and adjacent cortical thick ascending limbs. These findings support the concept that 15-PGDH may function as an endogenous antagonist of COX-2 during the post- natal period, therefore preventing the overproduction of COX-2-derived products and also ensuring the precise location of action of these products. Consistent with this possibility, a large body of evidence demonstrates that 15-PGDH functions as an endogenous COX-2 antagonist in the states of carcinogenesis and inflammation (11, 18, 19, 30, 38) . Downregulation of 15-PGDH was observed in various cancer tissues with concomitant induction of COX-2 (11, 18, 19, 30, 38) . In gastric cancer specimens, 15-PGDH expression was found to be inversely correlated with the COX-2 level and lymph node metastasis (11, 38) . IL-1␤, TNF-␣, and phorbol ester, which are well known inducers of COX-2 expression, significantly downregulated the expression of 15-PGDH in human lung adenocarcinoma cells (31, 33) . Conversely, the anti-inflammatory cytokine IL-10 upregulated the expression of 15-PGDH by antagonizing the 15-PGDH downregulation induced by proinflammatory cytokines IL-1␤ and TNF-␣, in villous and chorionic trophoblasts (25) . When the level of 15-PGDH expression was increased by transfection with pcDNA3 or adenovirus harboring 15-PGDH, the level of COX-2 expression induced by IL-1␤ was decreased in a manner dependent on the level of 15-PGDH expression (31, 33) . This was further supported by the finding that suppression of 15-PGDH expression by 15-PGDH small interfering (si) RNA led to a further increase in the IL-1␤-induced expression of COX-2 (31, 33) . In another experiment, siRNA knockdown of 15-PGDH resulted in a substantial increase in PGE 2 production in gastric cancer (MKN-28) cells and enhanced the anchorage-independent growth of these cells (32) . The expression of COX-2 protein is also responsible for attenuation of 15-PGDH expression. Interactions between COX-2 and 15-PGDH are of potential importance in kidney function. In the kidney cortex, COX-2-derived prostaglandins from the macula densa and/or vasculature have been implicated in vasodilation and stimulation of renin biosynthesis and release. In low salt-treated animals, COX-2 expression increased in the macula densa and adjacent thick ascending limbs, whereas 15-PGDH expression in these sites was minimal (7, 41) . On the contrary, in high salt-treated animals, COX-2 expression in the macula densa/cortical thick ascending limbs decreased, whereas 15-PGDH expression in the macula densa increased (7, 41) . Additionally, the renal inner medulla has the highest activity of COX-2 but no expression of 15-PGDH (3, 7, 42) . Together, it seems reasonable to speculate that 15-PGDH may negatively regulate the renal COX-2 activity in the postnatal developmental kidney of rats. In the present study, 15-PGDH was detected in both the cytoplasm and the lumens of proximal tubules as aggregated granules, raising a possibility that 15-PGDH may translocate from the cytoplasm to the lumen for excretion to the urine. In support of this notion, 15-PGDH protein was indeed present in the urine of both SD and WKY rats after 6 wk of age. However, 4-wk-old WKY rats had 15-PGDH protein present in the urine comparable to that of 12-wk-old WKY rats but exhibited no granular staining of 15-PGDH. This result does not favor a direct correlation between the granular appearance in the proximal tubules and urinary excretion of 15-PGDH. Therefore, the functional implication of the granular appearance of 15-PGDH protein in the proximal tubules of adult rats remains unclear and needs to be explored in future studies. In summary, the present study investigated the regulation of renal 15-PGDH expression during postnatal rat kidney development. At the whole tissue level, 15-PGDH mRNA and protein in the kidney were gradually increased after birth, reaching the peak level at PND14, and then declining sharply to a very low level in adulthood, a pattern almost analogous to that of COX-2. At the cellular level, however, renal 15-PGDH protein during the postnatal period was predominantly found in the proximal tubule whereas COX-2 protein was restricted to the macular densa and adjacent cortical thick ascending limbs. Overall, the anatomic evidence supports the concept that 15-PGDH may function as an endogenous inhibitor of COX-2 during postnatal kidney development. 
